Zona pellucida (Zp) proteins are glycoproteins in fish chorion and are encoded by multiple gene families, including zp1, zp2, zp3, and potentially other zp genes. Expression of zp genes in teleosts is either in the liver under the induction of estrogen or in the ovaries. In the present study, we isolated and characterized a zebrafish zp3 genomic clone and found three tandem-repeated zp3 genes with high sequence identities. We estimated that there were 10-15 zp2 and 17-21 zp3 genes in a haploid genome. We also found some variant zp2 and zp3 subfamilies, and each subfamily may have multiple members. These zp2 and zp3 genes are distributed in several different chromosomes. Ontogenetic expression of zp2 and zp3 mRNAs was first detected at 3 wk postfertilization, which was about 5 wk earlier than initial vtg1 expression, indicating that ovary development was earlier than vitellogenesis. Both zp2 and zp3 mRNAs were expressed specifically in early-growing oocytes and are insensitive to estrogen induction. Because zp3 genes are organized in tandem repeats, to investigate whether an individual zp3 promoter is capable of driving oocyte-specific expression, green fluorescence protein (gfp)-transgenic zebrafish were developed by using a 3.8-kb zp3 5 0 upstream region, and we found that the gfp reporter gene was faithfully expressed in developing oocytes in zp3:gfp transgenic females. Thus, the new transgenic line not only provided a convenient living marker for monitoring female gonad development, but also demonstrated that a single zp3 gene promoter is sufficient for oocyte-specific transcription.
INTRODUCTION
Vitellogenins and zona pellucida proteins (Zps) are two major classes of female-specific glycoproteins related to reproduction in female vertebrates. Vitellogenins are yolk precursor proteins, whereas Zp proteins (or egg envelope proteins) are glycoproteins located in the inner layer of fish chorion or in the mammalian egg envelope. Vitellogenins are encoded by multiple gene families in essentially all characterized oviparous species, including zebrafish [1, 2] , and are synthesized in the female liver in response to estrogen and transported to the ovary. Vertebrate Zp proteins are also encoded by multiple gene families, and there are three reported zp gene subfamilies, including zp1 (zpb), zp2 (zpa), and zp3 (zpc) [3] [4] [5] . Recently, two other zp genes, named zpd and zpx, have also been identified in the chicken and Xenopus [6] [7] [8] . In mammals, Zp3 proteins function as the primary sperm receptors and induce the acrosome reaction, whereas Zp2 proteins function as the secondary sperm receptors and Zp1 proteins provide structural integrity of the egg membrane [9, 10] . Unlike vertebrate vitellogenins, most Zp proteins are expressed only in the ovary, as in human and mouse [11] . However, hepatocyte expression of some zpb and zpc genes in the liver has also been found in some teleost fishes, such as medaka, Atalantic salmon, rainbow trout, and winter flounder [12] [13] [14] [15] [16] [17] [18] .
In teleost fishes, multiple copies of zp genes have been reported in medaka [12] and carp [19, 20] . In zebrafish, we previously characterized two cDNA clones encoding Zp2 and Zp3; their expression was found only in the ovary and not in the liver by Northern blot analysis [21] . Another zebrafish zp3 homolog, zpc (named zp3b according to zebrafish unigene nomenclature), which shares only 47% identity with our reported zp3 cDNA, was also found to be transcribed specifically in developing oocytes and not in mature eggs [4] . More recently, a cluster of zp2 genes including zp2.2, zp2.3, and zp2.4 was found in tandem repeats in the zebrafish, with each gene containing eight exons and seven introns; expression of the three zp2 genes was also ovary-specific [22] . These studies demonstrated that zebrafish zp2 and zp3 genes have multiple copies in the genome and are expressed specifically in the ovary. However, the exact copy numbers of zp2 and zp3 have not been determined, and the mechanism of ovary-specific expression has not been characterized. In this study, we attempted to characterize the zebrafish zp3 gene family and the regulation of its expression. We found that zebrafish zp3 genes, like zp2 genes, were clustered as tandem repeats in the genome. Consistent with previous reports [4, 21, 22] , we found that zp2 and zp3 genes were predominantly expressed in the ovary, but that their expression was insensitive to estrogen induction. To investigate whether the ovaryspecific transcription of tandem-repeated zp3 genes is dependent on individual zp3 promoters, a zp3 promoter from one of the tandem-repeated genes was used to generate zp3:gfp (green fluorescence protein) transgenic zebrafish lines; we demonstrated faithful oocyte-specific GFP expression in the transgenic lines, and thus that an individual zp3 gene promoter contains sufficient regulatory elements for oocyte-specific expression.
MATERIALS AND METHODS

Zebrafish and Maintenance
Zebrafish were purchased from a local ornamental fish farm in Singapore and cultured in our departmental zebrafish aquarium. All animal experiments conducted in this project are in accordance with the guidelines of the National University of Singapore and Agriculture and Veterinary Authorities of Singapore.
Isolation of a Zebrafish zp3 Genomic Clone
A zebrafish zp3 genomic clone was isolated by a PCR-navigated approach [23] . Briefly, a zebrafish genomic DNA library was purchased from Clontech and amplified in 28 petri dishes. Each dish represented a sublibrary containing about 70 000 clones and was eluted as the template for PCR screening with a pair of primers based on the 5 0 sequence of the zebrafish zp3 cDNA clone [21] : zp3f (forward), 5 0 -AGGATGGAGTTCCGTCAAGG; zp3r (reverse), 5 0 -CCACCATCACATCAGGACTGA. Initially, five sublibraries were identified as positive for a zp3 gene. One of the positive sublibraries was further divided with fewer clones (,7000/dish) and screened by PCR again using the same set of primers. With further subdivisions, finally, a subdivided pool of about 80 clones was identified, and PCR was applied to individual clones. A genomic clone with an insert of ;13 kb was identified and isolated.
DNA Sequencing and Sequence Analysis
The zp3 genomic clone was sequenced from both ends by using ABI PRISM BigDye terminator Cycle Ready Reaction Kit with an automatic sequencer (ABI Prism 377; Perkin Elmer) and sequencing of the entire genomic clone was completed by primer walking. DNA sequences were analyzed and assembled by using DNAMAN V4.15 (Lynnon Biosoft). Exons and introns were identified by comparison with the zp3 cDNA sequence by the NCBI Splign program (http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi). For sequence comparisons, additional zp2 and zp3 DNA sequences were collected by BLAST search of NCBI's Genbank and Unigene databases. Sequence alignment was carried out by using ClustalW online (http://www.ebi.ac.uk/ Clustalw). The genome location information was obtained by direct search and by BLAST search of the zp3 cDNA sequences in the zebrafish genome database (http://www.ensembl.org/Danio_rerio/).
Determination of Copy Numbers of zp2 and zp3 Genes
Genomic DNAs were prepared individually from three individual fish (one male and two females) by phenol/chloroform extraction and ethanol precipitation. Determination of zp2 and zp3 copies was carried out by realtime PCR using LightCycler Faststart DNA Master SYBR Green I Kit (Roche Applied Science) according to the manufacturer's instruction manual. The two primers for zp2 (forward, 5 0 -CAATGGCAACTAGCTGGTCT; reverse, 5 0 -CCACTGATACCAGGAGGTC) were designed to amplify the first exon (300 bp) of zp2 genes (zp2.2, zp2.3, and zp2.4). The primers for zp3 (forward, 5 0 -GATGACTGGTCCTATCAGAG; reverse, 5 0 -ACCCATGATTCTCAAT-GAAGG) were designed to amplify the fourth exon (178 bp) of zp3.2 and zp3.3 genes. Each real-time PCR reaction was prepared in a final volume of 10 ll, containing 5.8 ll of H 2 O, 1.2 ll of 4 mM MgCl 2 , 1 ll of primer mix (0.5 lM of each primer), 1 ll of DNA Master SYBR Green I, and 1 ll of genomic or plasmid DNA (1 ng/ll) in a LightCycler capillary tube. PCR was performed at 958C for 10 min, followed by amplification for 40 cycles at 958C for 10 sec, 558C for 5 sec, and 728C for 10 sec, and finally a melting curve analysis was performed as described by the manufacturer (Roche Applied Science). Serially diluted zp2 and zp3 plasmids of known concentrations were used to construct standard curves for estimation of copy numbers in the genome, which were calculated based on the molecular weight of a haploid zebrafish genome (1.7 3 10 9 bp) [24] .
RT-PCR and Real-Time RT-PCR
Total RNAs were prepared from pools of at least 10 fish of 1-9 wk old or selected adult tissues by using Trizol reagent (Invitrogen) according to the manufacturer's instructions. RT-PCR was performed according to the protocol of the One-Step RT-PCR Kit (QIAGEN) with the following program: 508C, 30 min; 958C, 15 min; 25 cycles of 948C (30 sec), 558C (30 sec), and 728C (1 min); and finally 728C for 10 min. The PCR primers used are: 5 0 -GAAATGCAGTCACTGTCCAG (forward) and 5 0 -GAAACCT-CAAACTGGCTGTCT (reverse) for zp2; 5 0 -TGTGGTGATGATGACTGA (forward) and 5 0 -GACCAGTCATCAGTCATGAG (reverse) for zp3; 5 0 -ATCATGAAGGATGTTGGCTTGG (forward) and 5 0 -CTTCCATCATTG-CAGCACCA (reverse) for vtg1; 5 0 -AGGATCTGTCTCTGCATGAC (forward) and 5 0 -GACACACAAATTCCTCCAGC (reverse) for esr1 (previously known as ERa). Real-time RT-PCR was performed using the LightCycler-RNA Amplification Kit Master SYBR Green I (Roche Applied Science) as previously described [23] . Each real-time RT-PCR reaction mix was prepared to a final volume of 10 ll, including 4.4 ll of H 2 O, 0.65 ll of 3.25 mM Mn(OAc) 2 , 1.2 ll of primer mix (0.3 lM of each primer), 3.75 ll of Master SYBR Green I, and 1 ll of RNA sample (1 lg/ll). Reverse transcription was performed at 618C for 20 min, followed by denaturation at 958C for 30 sec and PCR amplification for 40 cycles with denaturation at 958C (1 sec), annealing at 558C (5 sec), and extension at 728C (10 sec). RNA standard curves were generated by amplification of 10-fold serially-diluted ovary RNAs by the same set of primers and used to determine the relative levels of zp2 and zp3 mRNAs.
Estrogen Treatment
Stock solution (1 mg/ml) of 17b-estradiol (E 2 ; Sigma) was prepared by dissolving E 2 in 100% ethanol. The solution was then sonicated for 30 min on ice and stored at 48C. Both male and female zebrafish were treated for 3 days at a concentration of 5 lg/L of E 2 . Water was changed daily with fresh E 2 . The control zebrafish were maintained in a tank supplemented with equal volume of 100% ethanol instead of E 2 solution.
Paraffin Section and In Situ Hybridization
Zebrafish ovary tissues were fixed in 4% (w/v) paraformaldehyde in PBS (pH 7.4) overnight, followed by dehydration in increasing gradients of ethanol (50%, 70%, 95%, and 100%). After being cleared in Histo-Clear II (National Diagnostics), tissues were embedded in molten paraffin (TissuePrep; Fisher Scientific). Sections 6-10 lm thick were made using a microtome (ReichertJung 2003). Antisense riboprobes of zp2 and zp3 were synthesized using the DIG RNA Labeling kit (Roche) based on the manufacturer's protocol. In situ hybridization of paraffin sections and whole mount in situ hybridization were performed essentially as previously described [25] .
Generation of zp3:gfp Transgenic Zebrafish
A 3.8-kb 5 0 -upstream region of zp3.2 was amplified by PCR from the original zp3 genomic DNA clone and inserted into the gfp vector pEGFP-1 (Clontech) to construct a chimeric plasmid pZP3-EGFP. The pZP3-EGFP was lineralized by EcoR I and microinjected into zebrafish embryos at the 1-2 cell stage. These injected embryos were raised to adulthood and mated with wildtype fish. From each injected founder, at least 100 F1 embryos were collected for transgenic screening by PCR. After transgene-positive founders were identified, more F1 embryos were collected to mature, and fin clips were used to identify transgene-positive F1 fish, which were then used to establish zp3:gfp transgenic lines. For observation of GFP expression, zp3:gfp embryos (0-48 hours postfertilization [hpf]) were collected and observed under a Zeiss Axiovert 25 fluorescence microscope with a blue filter (450-490 nm). GFPexpressing ovaries were isolated and fixed in 4% paraformaldehyde before observation under a fluorescence microscope.
RESULTS
Genomic Structure of Zebrafish zp3 Genes
A zp3 genomic clone was isolated and completely sequenced. As shown in Figure 1A , the genomic clone is 12.5 kb long and contains three tandem-repeated zp3 genes, which were named zp3.1, zp3.2, and zp3.3. The complete zp3.2 (middle) contains all of the eight exons and seven introns, whereas zp3.1 and zp3.3 were truncated at the 5 0 and 3 0 ends respectively; zp3.1 started from the truncated fourth exon and zp3.3 ended at the fourth exon. Sequences of the three zp3 genes are highly identical in exons (94%-99% identity) as well as in introns (70%-98% identity; Fig. 1B ). The highest sequence variation was found in the first introns of zp3.2 and zp3.3; the first intron of zp3.3 is more than 1 kb longer than that of zp3.2. Also, the 5 0 flanking region of zp3.3 is about 1 kb longer than that of zp3.2, but the proximal 208 bp upstream of the ATG start codons of the two genes are highly identical (87%; Fig. 1B ). These observations indicate that these zebrafish zp3 genes are highly identical and exist as a cluster, like zp2 genes in the zebrafish genome [21] . By sequence comparison, we found that the three linked zp3 genes share 96%-98% identity with our previously reported zp3 cDNA [20] in the overlapping coding region. At the amino acid level, the predicted sequences from the three new zp3 genes are also highly conserved (95%-96% identity); their alignment is shown in Figure 2 . Thus, the three linked zp3 genes are ZEBRAFISH zp3 GENE FAMILY AND OOCYTE-SPECIFIC EXPRESSION closely related to the previously reported zp3 cDNA, and they should belong to the same zp3 subfamily.
Zebrafish zp2 and zp3 Gene Families
In previously published literature, there are four zp2 cDNA/ genes (zp2, zp2.2, zp2.3, and zp2.4) and two zp3 (zp3 and zpc) cDNAs reported in zebrafish [4, 21, 22] . In the zebrafish unigene database (http://www.ncbi.nlm.nih.gov/), there are four zp2 unigene clusters, as listed above, and three zp3 unigene clusters, including zp3, zp3a, and zp3b (zpc). From the zebrafish genome sequence (http://www.ensembl.org/Danio_ rerio/index.html), we found two additional divergent zp2 (LOC555180 and LOC559251, named zp2v1 and zp2v2 in the present study) and two additional divergent zp3 genes (LOC563179 and LOC555835, named zp3v1 and zp3v2 in the present study). Thus, both zp2 and zp3 genes have several subfamilies, and each subfamily may have multiple copies of the genes. Because the four zp2 genes (zp2, zp2.2, zp2.3, and zp2.4) have very high sequence identities (96%-98%), they can be considered to be the same subfamily. The two divergent zp2 genes, zp2v1 and zp2v2, share only 71%-78% sequence identity with the zp2 sequence and 57.5% identity between the two variant genes. Thus, there are at least three subfamilies of zp2 genes in zebrafish (zp2, zp2v1, and zp2v2). For the zp3 family, there are at least five subfamilies, including the three subfamilies as defined in the unigene clusters, zp3, zp3a, and zp3b, plus the two newly identified zp3 variants, zp3v1 and zp3v2. The cross-identities of the mRNA sequences between subfamilies are shown in Table 1 . In predicted protein primary structure, all Zp proteins possess a conserved Zp domain (240-270 amino acids) in addition to a signal peptide (Fig. 3) . Zp2 proteins have an additional repetitive domain and trefoil domain. The structures of two Zp2 variants (Zp2v1 and Zp2v2) are like that of ZP2 but have no repetitive domain. ZP3B has a repetitive domain but not the trefoil domain. The two ZP3 variants (ZP3v1 and ZP3v2) have the same structure as ZP3 protein.
By searching in the zebrafish ENSEMBLE genome database, we located our zp3 cluster on the reverse strand of chromosome 21 (the region from 3 324 864 to 3 355 523 bp). By carefully examining the sequence, we found that this region (;30.7 kb) includes five zp3 genes, and that three of them have h i g h i d e n t i t y ( 9 3 %-9 8 %) w i t h z p 3 . 1 ( E N S -DARG00000044777), zp3.2 (GENSCAN00000024595), and zp3.3 (ENSDARG00000044780) in both the transcribed and the nontranscribed regions. Similarly, the originally reported zp3 sequence [21] was also located on chromosome 21 by BLAST search of the genome database. By searching the zebrafish genome sequence and unigene mapping, we also located all known zp genes in zebrafish chromosomes, as summarized in Table 1 . In addition, there is one zpa gene sequence available (Genbank access number NM_212718) coding for a new Zpa domain-containing protein that belongs to the Zp2 family. However, there is no trefoil domain or repetitive domain in this Zpa domain-containing protein as there is in other Zp2 proteins (Fig. 3) . In a previous phylogenetic analysis of the fish zp1/zpB (zpa/zp2) family, it was suggested that teleost zp2 genes are not the orthologs of mammalian zpa and that they may belong to a special class of zp genes named zpx [26] ; in the present report, we continue to use the classical name zp2 to avoid confusion.
In chromosome 20, besides the zp2 gene cluster, we also found two zp3a genes (ENSDARG00000042129 and ENS-DARG00000042130) as tandem repeats. These two zp3a genes have the same genomic structure as zp2 and zp3, with eight exons, and the transcripts of the two zp3a genes share 91% identity. In addition, two zpa genes (ENSDARG00000041527, and ENSDARG00000011436) were also found as tandem repeats on chromosome 20, and their transcripts share 99% identity. Thus, it is quite common that zp genes are organized as tandem repeats in the genome.
Because both zp2 and zp3 subfamily genes are organized in multiple tandem copies in the genome, in order to estimate copy numbers of these two gene families, real-time PCR was performed. As summarized in Table 2 , male and female genomes contain about equal numbers of zp2 (12.6 6 2.1) and zp3 (19.4 6 1.6) genes. Our estimation should include most zp2 (zp2, zp2.2-zp2.4) and zp3 (zp3, zp3.1-zp3.3) subfamily genes, but not the other subfamilies. Conceptually, these numbers represented the minimal estimation, because our PCR primers may not amplify the divergent zp2 and zp3 genes. However, we believe that the numbers are close to the real numbers, because the primers we used perfectly or nearly perfectly (with one nucleotide mismatch) match essentially all known zp2 and zp3 sequences available from Genbank.
Developmental Expression of zp2, zp3, and vtg1 in Zebrafish
Because Zp proteins and vitellogenins are two major classes of female-specific proteins and play important roles in reproduction, it is interesting to compare their ontogenetic expression during development. Thus, total RNA was prepared from zebrafish fry on a weekly interval from 1 to 9 wk, and zp2, zp3, and vitellogenin1 (vtg1) mRNAs were monitored by RT-PCR. As shown in Figure 4A , expressions of zp2 and zp3 mRNA were detected as early as 3 wk postfertilization (wpf), whereas vtg1 expression was detected only from 8 wpf. Thus, expression of zp genes is about 5 wk earlier than that of vtg genes, indicating that oocyte differentiation is much earlier than vitellogenesis in zebrafish.
Insensitivity of zp2 and zp3 Expression to Estrogen Induction
It is well established that vitellogenins are produced in female liver in response to estrogen [2, 23] . Some Zp proteins, such as choriogenins, are also reported to be produced in liver in some teleosts in response to estrogen [12, 27] . Previously, by Northern blot hybridization, we showed that both zp2 and zp3 mRNAs are specifically produced in the ovary [21] . In the present study, to determine whether zebrafish zp2 and zp3 genes are responsive to estrogen, both male and female fish were treated with E 2 . We employed a more sensitive approach, real-time RT-PCR, to quantify the relative level of zp2 and zp3 mRNAs in various tissues after estrogen treatment. We found that expression of zp2 and zp3 mRNAs was predominantly in the ovary and that expression in the ovary was more than 10 3 times higher than that in the liver and other tissues (Fig. 4, B and C, and data not shown). Upon treatment of E 2 , a 2.5-fold increase of vtg1 mRNA was detected in female liver (Fig. 4D) ; however, no induction of zp2 or zp3 mRNA was observed in either ovary or female liver (Fig. 4, B and C) . Similarly, no expression of zp2 and zp3 mRNA was observed in all male tissues examined (including liver, intestine, skin and testis) in either the presence or the absence of E 2 . Thus, in contrast to vtg genes, zebrafish zp2 and zp3 genes are rather insensitive to E 2 induction.
It is well known that regulation of transcription by E 2 is mediated by estrogen receptor (ER), which interacts with estrogen-responsive elements (EREs) in the promoters of target genes [28] [29] [30] . In the present study, the relative levels of esr1 mRNA in the liver and ovary was also measured by real-time RT-PCR. As shown in Figure 4E , the level of esr1 in the ovary was only about 17.5% of that in the liver. After E 2 treatment, the level of esr1 mRNA in the liver was increased by at least 4-fold, whereas there was a nearly 50% reduction of the esr1 mRNA in the ovary. Thus, the ER-mediated transcriptional activation occurs predominantly in the liver and not in the ovary.
To further demonstrate the insensitivity of zp2 and zp3 genes to E 2 , ovaries from both control and E 2 -treated female fish were sectioned and in situ hybridization using antisense riboprobes of zp2 and zp3 was carried out. As shown in Figure  5 , A and B, expression of both zp2 and zp3 mRNAs was detected in the ooplasm of stage I and II oocytes (primary growth stage) as strong and evenly distributed signals. It has been reported that the thickness of the zona pellucida layer is dramatically increased from the early phase of stage II (cortical alveolus stage) to late stage II, and to the maximum thickness in the early phase of stage III (vitellogenesis stage) [31] . Parallel to this phenomenon, the expressions of zp2 and zp3 mRNAs were high at early stage II, but gradually declined and became barely detectable in early stage III oocytes, which were characterized by the presence of yolk granules in ooplasm. In ovary of E 2 -treated fish, the expression patterns of zp2 and zp3 mRNAs are essentially identical to those of control fish, and there is no indication of induction of zp2 and zp3 mRNAs (Fig.  5, C and D) , consistent with our data obtained by real-time RT-PCR experiments (Fig. 4, B and C) .
Oocyte-Specific Expression of GFP in zp3:gfp -Transgenic Zebrafish
Because both zp2 and zp3 genes are organized in tandem repeats in the genome, one outstanding question is whether each individual gene contains an oocyte-specific promoter or whether the whole gene cluster has a local control region (LCR) for oocyte expression, as documented in the globin gene cluster for erythrocyte lineage expression in mammals [32] . To address the question, the 5 0 flanking sequence of zp3.2 was amplified and inserted into a gfp vector to construct a pZP3-EGFP chimeric plasmid. In this region, several potential ciselements that may be responsible for oocyte expression were identified, including 10 E-boxes for bHLH transcription factors such as Fig1a [33] , 3 ovary-specific protein 1 (Osp1) binding sites [34] , and 1 pou5f1 binding site [35] (Fig. 6, A and B) . Consistent with the insensitivity of zp3 to estrogen, no ERE was found in this 5 0 flanking region. To test the promoter activity of zp3, linearized plasmid pZP3-EGFP was injected into embryos at the 1-2 cell stage. No GFP expression was observed in injected embryos or in fry or adult fish developed from these injected embryos. After extensive screening of F1 embryos by observation of maternal GFP expression as well as by PCR confirmation, two germlinetransmitted female founders were found from 65 screened fish developed from injected embryos, and thus two stable zp3:gfp transgenic lines were established, as confirmed by typical Mendelian transmission rates from the F1 generation. So far, these transgenic lines are at their F2 and F3 generations. The transgenic fish from both transgenic lines showed the same constant ovary-specific GFP expression in female fish, and no GFP expression was found in any other tissue in female fish (Fig. 7C) . There was also no detectable GFP expression in any tissues in male fish. The earliest ovary-specific GFP expression was in 3-wk-old juvenile fish (Fig. 7C) . Consistent with this, endogenous zp3 mRNA was also first detected in the ovary of 3-wk-old fish (Fig. 7, A and B) . In adult female ovary, stronger GFP fluorescence was observed in smaller developing oocytes (Fig. 7D) . GFP expression was detected mainly in stages I (Fig.  7F), II (Fig. 7G ) and early III (Fig. 7H) , and weakly in laterstage oocytes (Fig. 7I) , consistent with our earlier observation on zp3 mRNA detected by in situ hybridization (Fig. 4) . Thus, transgenic GFP expression faithfully recapitulates the endogenous zp3 expression. In addition, these transgenic lines also provided a specific marker to trace female gonad development. It is interesting to note that strong GFP expression was observed in the germinal vesicles in late stage II and early stage III oocytes, in contrast to the cytoplasmic localization of zp3 mRNA (Fig. 4) , implying a preferential nuclear accumulation of GFP in oocytes, probably caused by the accumulation of large amount of oily yolk in the cytoplasm. In addition, strong maternal GFP expression was also observed in all early embryos from transgenic females (Fig. 7, J-M) . The maternal GFP lasted until 48 hpf, and disappeared gradually by 72 hpf. GFP expression in early embryos was not observed when a transgenic male fish was crossed with a wild-type female, consistent with the fact that GFP was produced from the maternal genome during oogenesis of the transgenic female rather than from the zygotic genome after fertilization.
To test estrogen inducibility on the zp3 promoter, zp3:gfp transgenic zebrafish were treated with 5 lg/L E 2 . As shown in Figure 7E , although there were generally more mature eggs after treatment, there was no visible increase of GFP fluorescence in early-growing oocytes after E 2 treatment. There was also no induced GFP expression in any tissue in male fish treated with E 2 (data not shown). These experiments further demonstrated that the zp3 promoter is not estrogeninducible.
DISCUSSION zp2 and zp3 Gene Families in Zebrafish
In the present study, we found that both zp2 and zp3 genes have several subfamilies and that many of the subfamilies have multiple members. Previously, it has been reported that some zp2 genes are organized in tandem repeats [22] . In this study, we found that zp3 genes were also organized in tandem repeats. In addition, based on available zebrafish genome sequences, we also found several other zp genes in tandem repeats in the genome. In particular, in zebrafish chromosome 20, three different classes of zp genes can be located, and all of them are organized as tandem repeats, including the zp2, zp3a, and zpa subfamilies. In a previous study of the zp2 family based on a BLAST search of the dbEST database, there are at least six or seven copies of zp2 genes in the carp, medaka, and zebrafish [26] . Using quantitative real-time PCR analyses, we estimated that zebrafish had about 10-15 copies of zp2 genes and about 17-21 copies of zp3 genes in a haploid genome. In the fugu (Takifugu rubripes) genome, it appears that there are only two zpa, three zp2, and nine zp3 homologs (http://www.ensembl. org/Fugu_rubripes/index.html); thus, it seems that the zebrafish genome contains many more zp2 and zp3 genes.
We also found several divergent members of zp2 and zp3 genes in the zebrafish genome. Despite the high sequence divergence (24%-62% identity at the amino acid level), the basic protein structure of these proteins in the Zp2 or Zp3 families is quite conserved; all of them have the same genomic structure, with eight exons and seven introns, and the encoded proteins share the conserved Zp domain. It is likely that the major zp-family genes were evolved before the divergence of fish and amphibians [36] and that the divergent subfamily genes on different chromosomes may result from wholegenome duplication, whereas the multiple tandem-repeated zp2 and zp3 genes may be caused by lineage-specific gene duplication events. However, whether these proteins within each zp2 and zp3 families have distinct or common functions remains an interesting question for future studies.
Expression of zp2 and zp3 Genes
Ontogenically, both zp2 and zp3 genes were activated around 3 wpf, which was about 5 wk earlier than the expression of vtg1 (8 wpf). This was expected, because vitellogenesis began in oocytes at developmental stage III, by which stage expression of zp genes was greatly decreased or completely suppressed. Our data indicated that development of the first batch of oocytes might begin at 3 wpf and the first vitellogenesis might occur at 8 wpf. However, the early expression of Zp protein genes at 3 wpf may indicate not sex differentiation but only the early hermaphroditism of the zebrafish, because the zebrafish has a juvenile hermaphroditism period during development [37] .
In other teleost fish, zp genes are expressed either in liver or in oocytes [12, 16, 17, 27, [38] [39] [40] [41] [42] [43] . In medaka, three Zp precursor protein genes (choriogeninH, choriogeninL and choriogeninHm), which are divergently related to the zp2 and zp3 family and have not been found in zebrafish, have been found to be expressed specifically in the female liver. Similarly, liver-specific expression of zp2/zpb genes has also been found in Atlantic salmon, rainbow trout, winter flounder, and sheepshead minnows [13-15, 27, 38-43] . In contrast, carp, goldfish, and zebrafish have only ovary-specific zp genes [4, [19] [20] [21] [22] 26] . Thus, the expression pattern of zp genes varies among fish species. Recently, it has been reported that medaka and fugu have both liver-specific zp genes (choriogenins) and oocyte-specific zp genes [12] . However, it is not clear whether this is the case for all teleost species. Based on quantitative real-time RT-PCR analyses of choriogenins, we found that both zp2 and zp3 mRNAs are predominantly expressed in the ovary in zebrafish. Though both mRNAs were detected in the liver, the levels of these mRNAs are at least 10 3 -fold lower than those in the ovary, So far, the zebrafish genome sequence is nearly complete, and there is no sign of the presence of homologous-to-medaka choriogenins, suggesting that likely the zebrafish genome does not have such orthologs. The reason for liver-specific Zp expression in some teleost fishes is unknown, but it might be related to an ancient duplication of zp genes for which expression patterns evolved further in liver, or to the loss of some zp genes that led to either liver or oocyte expression only [26] .
Estrogen induction of liver-specific zp genes was found in medaka, Atlantic salmon, sheephead minnows, and rainbow trout [14, 27, [38] [39] [40] [41] [42] [43] . In both medaka and salmonid species, both vitellogenin and choriogenin proteins can be induced by estrogen in the male liver, and zp genes were more sensitive to estrogen than vitellogenin genes [14, 23, 27, 40] . All these estrogen-responsive zp genes are liver-specific genes, like vitellogenin genes, that are also inducible by estrogen. It is likely that this group of zp genes shares the common transcriptional regulatory mechanism with the vitellogenin genes in some teleost fishes. In the present study, we found that both zebrafish zp2 and zp3 are specifically expressed in early oocytes and that there was no induction of zp2 and zp3 mRNAs after E 2 treatment. Furthermore, there is no ERE in the zebrafish zp2 and zp3 gene promoters [22] and there is no induction of GFP expression in the zp3:gfp transgenic zebrafish. Thus, ovary-expressed zp2 and zp3 are insensitive to estrogen induction. Consistent with this, the E 2 receptor gene, esr1, was induced by E 2 in the liver but not in the ovary, suggesting that ovary tissue, unlike liver, is not sensitive to E 2 in the zebrafish. Collectively, these observations suggest that the ovary-specific ZP genes and liver-specific vitellogenin genes have different regulating mechanisms in zebrafish.
Oocyte Specificity of an Individual zp3 Gene Promoter
Because zebrafish zp genes are frequently organized as tandem repeats in the genome, an interesting question regarding tissue-specific transcription is whether there is an LCR for the whole cluster or whether ovary-specific transcription is controlled by individual gene promoters. To test whether an individual zp3 promoter from the zp3 gene cluster is capable of driving oocyte-specific gene transcription, zp3:gfp transgenic zebrafish lines were established using the 5 0 -flanking region of the zp3.2 gene. We found that GFP expression faithfully recapitulated the expression pattern of endogenous zp3 genes, and thus that an individual zp3 promoter is sufficient to support oocyte-specific expression. This is in contrast to the well-known regulatory mechanism of the globin gene cluster, wherein a DNase I-sensitive LCR is critical to control the expression of the whole globin gene cluster in the erythrocyte lineage [32] .
In our zp3:gfp transgenic line, the earliest GFP expression in the ovary was observed at 3 wpf, and strong GFP expression was detected in stage I-III oocytes in the ovary; thus, the pattern of transgene expression pattern highly mimicked endogeous zp3 gene expression. In addition, we also observed maternal persistence of GFP in early developing embryos up to 3 dpf. The overall expression pattern is very similar to that of a previously reported transgenic line, zpc0.5:GFP [44] , wherein a 412-bp zpc (zp3b) promoter was used, but sequence comparison revealed no obvious sequence homology between the zpc promoter and the zp3.2 promoter we used. By searching the zebrafish genome data, we found that zpc is located in chromosome 2, and there is no indication that zpc is presented in multiple tandem copies in the genome. However, like the zp3.2 promoter, the zpc gene promoter (693 bp) also contains about four cis-elements for Osp1 and seven E-boxes for Fig1a factor [44] . Comparison of zp3.2 and zp3.3 promoters indicated that the homology between the two promoters is limited to only a 208-bp sequence of 5 0 upstream of the ATG start codon (87% identity). The zp3.3 promoter up to the 3.3-kb upstream region also contains three sites for Osp1, three sites for pou5f1, and 24 E-boxes (data not shown). Thus, the oocyte-specific expression is likely achieved by the presence of the binding sites of these ovary transcription factors.
Finally, the establishment of ovary-specific living color gfp transgenic lines provides a valuable experimental tool to monitor and investigate ovary development. These lines are also useful in investigation of sex differentiation, sex inversion, hormonal regulation, etc. The availability of the female germline-specific promoter will also be useful in genetic manipulation of fish germlines-for example, in the development of a germline transgene excision system by using the CreloxP recombination system [45] . Compared to a male germline transgenic excision, it is likely that the removal of the transgene is more complete because of the longer developmental duration of oocyte ontogeny.
